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GUS gene fusion vector pBI101 T-DNA region 

GenBanSc U12639.1 
FASTA Graphics 
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VERSION 
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SOURCE 
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REFERENCE 
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TITLE 
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PUBMED 

REFERENCE 
AUTHORS 
TITLE 
JOURNAL 

REFERENCE 
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TITLE 
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TITLE 
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source 



misc_feature 



repeat_region 



CDS 



misc_f eature 



CDS 



PBI101TD 5349 bp DNA linear SYN 06-MAY-2008 

GUS gene fusion vector pBHOl T-DNA region. 

U12639 

U12639.1 GI:2088506 

pBHOl; T-DNA; GUS gene fusion vector; neomycin phosphotransferase; 
beta-glucuronidase . 
Cloning vector pBHOl 
Cloning vector pBHOl 

other sequences; artificial sequences; vectors. 

1 (sites) 

Jefferson.R.A. . Burgess, S.M. and Hirsh.D. 

beta-Glucuronidase from Escherichia coli as a gene-fusion marker 
Proc. Natl. Acad. Sci. U.S.A. 83 (22). 8447-8451 (1986) 
3534890 

2 (bases 2497 to 2556) 
Jeff erson.R. 

Assaying chimeric genes in plants: the GUS gene fusion system 
Plant Mol. Biol. Rep. 5. 387-405 (1987) 

3 (bases 1 to 5349) 

Jefferson.R.A., Kavanagh , T . A . and Bevan.M.W. 

GUS fusions: beta-glucuronidase as a sensitive and versatile gene 
fusion marker in higher plants 
EMBO J. 6 (13), 3901-3907 (1987) 
3327686 

4 (bases 1 to 5349) 
Wei.W. and Lindsey.K. 

T-DNA sequence of the GUS gene fusion vector pBHOl 
Unpublished 

5 (bases 1 to 5349) 
Wei.W. 

Direct Submission 

Submitted (22- JUL-1994 ) Wenbin Wei. Botany, University of 

Leicester, University Road, Leicester, LEI 7RH, UK 

On May 14, 1997 this sequence version replaced gi: 529328 . 

Locat ion/Qualifiers 

1. .5349 

/organism=" Cloning vector pBHOl" 
/mol_type="other DNA" 
/db_xref = " t axon : 36566 " 

/note="sequence from the right border to the left border" 
1. .2497 

/note="pBinl9 sequence, containing a neomycin 
phosphotransferase gene driven by nos promoter" 
1. .25 

/note="the right border repeat" 
385. -1179 
/codon_start=l 
/transl_table=ll 

/product= "neomycin phosphotransferase" 
/protein_id=»" AAC53707 . 1 " 
/db_xref ="GI : 2102680 " 

/ translation" "MIEQDGLHAGSPAAKVERLFGYDWAQQTIGCSDAAVFRLSAQGR 
PVLFVKTDLSGALNELQDEAARLSWLATTGVPCAAVLDWTEAGRDWLLLGEVPGQDL 
LSSHLAPAEKVSIMADAMRRLHTLDPATCPFDHQAKHRIERARTRMEAGLVDQDDLDE 
EHQGLAPAELFARLKARMPDGDDLWTHGDACLPNIMVENGRFSGFIDCGRLGVADRY 
ODIALATRDIAEELGGEWADRFLVLYGIAAPDSQRIAFYRLLDEFF" 
2497. .2537 

/note= 11 polvlinker " . 



25S1. .4359 

/note=" modified beta-glucuronidase gene coding region from 
PRAJ260" 



/codon_start=l 

/ tr ansl_t able=ll 

/ pr oduct= "beta- glucuronidase " 

/protein_id=" AAC53706.1 " 

/db_xref ="GI : 529330" 

/translation="MLRPVETPTREIKKLDGLWAFSLDRENCGIDQRWWESALQESRA 
IAVPGSFNDQFADADIRNYAGNVWYQREVFIPKGWAGQRIVLRFDAVTHYGKVWVNNQ 
EVMEHQGGYTFFEADVTPYVIAGKSVRITVCVNNELNWQTIPPGMVITDENGKKKQSY 
FHDFFNYAGIHRSVMLYTTPNTWVDDITWTHVAQDCNHASVDWQWANGDVSVELRD 
ADQQWATGQGTSGTLQWNPHLWQPGEGYLYELCVTAKSQTECDIYPLRVGIRSVAV 
KGQQFLINHKPFYFTGFGRHEDADLRGKGFDNVLHVHDHALMDWIGANSYRTSHYPYA 
EEMLDWADEHGIWIDETAAVGFNLSLGIGFEAGNKPKELYSEEAVNGETQQAHLQAI 



/T T '1 r-\ f ^ f \ 1 



keliardknhpswmwsianepdtrpqvhgnispIfAKATRKLdptrpitcvnvmfcda 
htdtisdlfdvlclneyygvfyvqsgdletaekvlekellawqeklhqpiiiteygvdt 
laglhsmytdmwseeyqcawldmyhrvfdrvsawgeovwmfadfatsqgilrvggnk 
kgiftrdrkpksaafllqkrwtgmnfgekpqqggkq" 

4430.. 4682 

/note="3'UTR of ths nopaline synthase gene" 
4G86..5349 

/note="pB±nl9 sequence (see also GenBank Accession Number 
U09365) " 
5325. .5349 

/note="the left border repeat" 

1 gtttacccgc caatatatcc tgtcaaacac tgatagttta aactgaaggc gggaaacgac 
61 aatctgatca tgagcggaga attaagggag tcacgttatg aecccegccg atgacgcggg 
121 acaagocgtt ttacgtttgg aactgacaga accgcaacgt tgaaggagcc actcagccgc 
181 gggtttctgg agtttaatga gctaagcaoa tacgtcagaa accattattg cgcgttcaaa 
241 agtcgcctaa ggtcactatc agctagcaaa tatttcttgt caaaaatgct ccactgacgt 
301 tccataaatt cccctcggta tccaattaga gtctcatatt cactctcaat ccaaataatc 
361 tgcaccggat ctggatogtt tcgoatgatt gaacaagatg gattgcacgc aggttctccg 
421 gccgcttggg tggagaggct attcggctat gactgggcac aacagacaat cggctgctot 
431 gatgcogccg tgttccggct gtcagcgcag gggcgcccgg ttctttttgt caagaccgac 
541 ctgtccggtg ccctgaatga actgcaggac gaggcagcgc ggctatcgtg gctggccacg 
601 acgggcgttc cttgcgcagc tgtgctcgac gttgtcactg aagcgggaag ggactggctg 
661 ctattgggcg aagtgccggg gcaggatctc ctgtcatctc accttgctcc tgccgagaaa 
721 gtatccatca tggctgatgc aatgcggcgg ctgcatacgc ttgatccggc tacctgccca 
781 ttcgacoacc aagcgaaaca tcgcatcgag cgagcacgta ctcggatgga agccggtctt 
841 gtogatcagg atgatctgga cgaagagcat caggggotcg cgccagccga aotgttogco 
901 aggctcaagg cgcgcatgcc cgacggcgat gatctcgtcg tgacccatgg cgatgcctgc 
961 ttgccgaata tcatggtgga aaatggcegc ttttotggat tcatogactg tggccggctg 
1021 ggtgtggcgg accgctatca ggacatagcg ttggctaccc gtgatattgc tgaagagctt 
1081 ggcggcgaat gggctgaccg cttcctcgtg ctttacggta tcgccgctcc cgattcgcag 
1141 cgcatcgcct tctatcgcot tcttgacgag ttcttctgag cgggactctg gggttcgaaa 
1201 tgaccgacca agcgacgccc aacctgccat cacgagattt cgattccacc gccgccttct 
1261 atgaaaggtt gggottcgga atcgttttce gggacgeegg ctggatgatc etccagcgcg 
1321 gggatctcat gctggagttc ttcgcccacg ggatctctgc ggaacaggcg gtcgaaggtg 
1381 ccgatatcat tacgacagca acggccgaca agcacaacgc caogatcctg agcgacaata 
1441 tgatcgggcc cggcgtccac atcaacggcg tcggoggcga otgcooaggo aagaccgaga 
1501 tgcaccgcga tatcttgctg cgttcggata ttttcgtgga gttcccgcca cagacccgga 
1561 tgatccccga tcgttcaaac atttggcaat aaagtttctt aagattgaat cctgttgccg 
1621 gtottgcgat gattatcata taatttctgt tgaattacgt taagcatgta ataattaaca 
1681 tgtaatgcat gacgttattt atgagatggg tttttatgat tagagtcccg caattataca 
1741 tttaatacgc gatagaaaac aaaatatagc gcgcaaacta ggataaatta tcgcgcgcgg 
1801 tgtcatctat gttactagat cgggcctcct gtcaatgctg gcggcggoto tggtggtggt 
1861 tctggtggcg gctctgaggg tggtggctct gagggtggcg gttctgaggg tggcggctct 
1921 gagggaggcg gttccggtgg tggctctggt tccggtgatt ttgattatga aaagatggca 
1981 aacgctaata agggggctat gaccgaaaat gccgatgaaa acgcgctaca gtctgacgct 
2041 aaaggcaaac ttgattctgt cgctactgat tacggtgctg ctatcgatgg tttcattggt 
2101 gacgtttcog gccttgctaa tggtaatggt gctaotggtg attttgctgg ctctaattcc 
2161 paaatggctc aagtoggtga cggtgataat tcaoctttaa tgaataattt ccgtcaatat 
2221 ttaccttccc tccotcaatc ggttgaatgt ogcccttttg tctttggccc aatacgoaaa 
2281 ccgcctctcc ccgcgcgttg gccgattcat taatgcagct ggcacgacag gtttcccgac 
2341 tggaaagcgg gcagtgagcg caacgcaatt aatgtgagtt agctcactca ttaggcaccc 
2401 caggctttac actttatgct tccggctcgt atgttgtgtg gaattgtgag cggataacaa 
2461 tttcacacag gaaacagcta tgaccatgat tacgccaagc ttgcatgcct gcaggtcgac 
2521 tctagaggat ccccgggtgg tcagtccctt atgttacgtc ctgtagaaac cccaacccgt 
2581 gaaatcaaaa aactcgacgg cctgtgggca ttcagtctgg atcgcgaaaa ctgtggaatt 
2641 gatcagcgtt ggtgggaaag cgcgttacaa gaaagccggg caattgctgt gccaggcagt 
2701 tttaaogato agttcgccga tgcagatatt cgtaattatg cgggcaacgt ctggtatcag 
2761 cgcgaagtct ttataccgaa aggttgggca ggccagcgta tcgtgctgcg tttcgatgcg 
2821 gtcactcatt acggcaaagt gtgggtcaat aatcaggaag tgatggagca tcagggcggc 
2881 tatacgccat ttgaagccga tgtcacgccg tatgttattg ccgggaaaag tgtacgtatc 
2941 accgtttgtg tgaacaacga actgaactgg cagactatcc cgccgggaat ggtgattacc 
3001 gacgaaaacg gcaagaaaaa gcagtcttac ttccatgatt tctttaacta tgccggaatc 
3061 categcageg taatgctcta caccacgccg aacacctggg tggacgatat oaccgtggtg 
3121 acgcatgtcg cgcaagactg taaccacgcg tctgttgact ggcaggtggt ggccaatggt 
3181 gatgtcagcg ttgaactgcg tgatgcggat caacaggtgg ttgcaaotgg acaaggcact 
3241 agcgggactt tgcaagtggt gaatccgcac ctctggcaac cgggtgaagg ttatctetat 
3301 gaactgtgcg tcacagccaa aagccagaca gagtgtgata tctacccgct tcgcgtcggc 
3361 atccggtcag tggcagtgaa gggccaacag ttectgatta accacaaacc gttctacttt 
3421 actggctttg gtcgtcatga agatgcggac ttacgtggca aaggattcga taacgtgctg 
3481 atggtgcacg accacgcatt aatggactgg attggggcca actcctaccg tacctcgcat 
3541 tacccttacg ctgaagagat gctcgactgg gcagatgaac atggcatcgt ggtgattgat 
3601 gaaactgctg ctgtcggctt taacctctct ttaggcattg gtttcgaagc gggcaacaag 
3661 ccgaaagaac tgtacagcga agaggcagtc aacggggaaa ctcagcaagc gcacttacag 
3721 gcgattaaag agctgatagc gcgtgacaaa aaccacccaa gcgtggtgat gtggagtatt 
3781 gccaacgaac cggatacccg tccgcaagtg cacgggaata tttcgccact ggcggaagca 
3841 aogcgtaaac tcgacccgac gcgtccgatc acctgcgtca atgtaatgtt ctgcgacgct 
3901 cacaccgata ccatcagcga tctctttgat gtgctgtgcc tgaaccgtta ttacggatgg 
3961 tatgtccaaa gcggcgattt ggaaacggca gagaaggtac tggaaaaaga acttctggcc 
4021 tggcaggaga aactgcatoa gccgattatc atcaccgaat acggcgtgga tacgttagcc 
4081 gggctgcact caatgtacac cgacatgtgg agtgaagagt atcagtgtgo atggctggat 
4141 atgtatcacc gcgtctttga togcgtcagc gccgtcgtcg gtgaaoaggt atggaatttc 
4201 gccgattttg cgacctcgca aggcatattg cgcgttggcg gtaacaagaa agggatcttc 
4261 actcgcgacc gcaaaccgaa gtcggcggct tttctgctgc aaaaacgctg gactggcatg 
4321 aacttcggtg aaaaaccgca gcagggaggc aaacaatgaa tcaacaactc tcctggcgca 
4381 bcatcgtcgg ctacagcctc gggaattgct accgagctcg aatttccccg atcgttcaaa 
4441 catttggcaa taaagtttct taagattgaa tcctgttgcc ggtottgcga tgattatoat 
4501 ataatttctg ttgaattacg ttaagcatgt aataattaac atgtaatgca tgacgttatt 
4561 tatgagatgg gtttttatga ttagagtccc gcaattatac atttaatacg cgatagaaaa 



3'UTR 

misc_f eature 
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ORIGIN 



4621 caaaatatag cgcgcaaact aggataaatt 
4681 tcgggaattc actggccgtc gttttacaac 
4741 aacttaatcg ccttgcagca catccccctt 
4801 gcaccgatcg cccttcccaa cagttgcgca 
4861 ttcccttcct ttctcgccac gttcgccggc 
4921 cctttagggt tccgatttag tgctttacgg 
4981 gatggttcac gtagtgggcc atcgccctga 
5041 tccacgttct ttaatagtgg actcttgtte 
5101 ggctattctt ttgatttata agggattttg 
5161 ttogcctgct ggggcaaaoc agcgtggacc 
5221 tgaagggcaa tcagotgttg cccgtctcac 
5281 aaaaacgtcc gcaatgtgtt attaagttgt 
5341 atoctgcca 



atogcgcgcg gtgtcatcta tgttactaga 
gtcgtgaotg ggaaaaccct ggcgttaocc 
tcgooagctg gcgtaatagc gaagaggccc 
gcctgaatgg cgcccgctcc tttcgctttc 
tttccccgtc aagctctaaa tcgggggctc 
cacctcgacc ccaaaaaact tgatttgggt 
tagacggttt ttcgcccttt gacgttggag 
caaactggaa caacactcaa ccctatctcg 
ccgatttcgg aaccaccatc aaacaggatt 
gettgctgca actctctcag ggccaggcgg 
tggtgaaaag aaaaaccacc ccagtacatt 
ctaagcgtca atttgtttac accacaatat 
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AAC53706 602 aa linear SYN 06-MAY-200B 

beta-glucuronidase [Cloning vector pBHOl] . 

AAC53706 

AAC53706.1 GI:529330 

locus PBI101TD accession U12639 . 1 

Cloning vector pBHOl 
Cloning vector pBHOl 

other sequences; artificial sequences; vectors. 

1 (sites) 

Jefferson, R. A. , Burgess, S.M. and Hirsh.D. 

beta-Glucuronidase from Escherichia coli as a gene-fusion marker 
Proc. Natl. Acad. Sci. U.S.A. 33 (22), 8447-84S1 (1986) 
3534890 

2 (residues 1 to 602) 

Jefferson, R. A. , Kavanagh , T . A . and Bevan.M.W. 

GUS fusions: beta-glucuronidase as a sensitive and versatile gene 
fusion marker in higher plants 
EMBO J. 6 (13), 3901-3907 (1987) 
3327686 

3 (residues 1 to 602) 
Wei,W- and Lindsey.K. 

T-DNA sequence of the GUS gene fusion vector pBHOl 
Unpublished 

4 (residues 1 to 602) 
Wei,W. 

Direct Submission 

Submitted (22- JUL-1994 ) Wenbin Wei, Botany, University o£ 
Leicester, University Road, Leicester, LEI 7RH, UK 
Location/Qualifiers 

1. .602 



Protein 



Region 



Region 



Region 



Region 



CDS 



/organisms "Cloning vector pBHOl" 
/db„xre£= "taxon ; 36566 " 

/note=" sequence from the right border to the left border" 
1..602 

/product= "beta-glucuronidase" 
1..599 

/region_name="PRK10150" 

/note= " beta -D- glucur onidas e ; Provisional " 
/db_xre£="CDD: 170280" 
9. .180 

/region_naroe= "GlyCO_hydro_2_N" 
/note="Glycosyl hydrolases family 2, 
pfam02837" 

/db_xre£="CDD: 14580S " 
184. 



sugar binding domain; 



ORIGIN 



.272 

/ region_name= "Glyco_hydro_2 " 
/note=" domain; p£am00703" 
/ db_xref = "CDD : 144343 " 
274.-592 

/ region_name= "Glyco_hy dr o_2_C " 

/note="Glycosyl hydrolases family 2, TIM barrel domain; 
pfam02836" 

/db_xref = "CDD; 145804 " 
1. .602 

/coded_by="U12639. 1:2551. .4359" 

/note= "modified beta-glucuronidase gene coding region from 
PRAJ260" 

/transl_table=ll 

1 mlrpvetptr eikkldglwa fsldrencgi dqrwwesalq esraiavpgs fndqf adadi 
61 rnyagnvwyq revfipkgwa gqrivlrfda vthygkvwvn nqevmehqgg ytpfeadvtp 
121 yviagksvri tvcvnnelnw qtippgmvit dengkkkqsy fhdffnyagi hxsvmlyttp 
181 ntwvdditw thvaqdcnha svdwqwang dvsvelrdad qqwatgqgt sgtlqwnph 
241 lwqpgegyly elcvtaksqt ecdiyplrvg irsvavkgqq flinhkpfyf tgfgrhedad 
301 lrgkgfdnvl mvhdhalmdw igansyrtsh ypyaeemldw adehgiwid etaavgfnls 
361 Igigfeagnk pkelyseeav ngetqgahlq aikeliardk nhpswrowsi anepdtrpqv 
421 hgnisplaea trkldptrpi tcvnvmfcda htdtisdlfd vlclnryygw yvqsgdleta 
481 ekvlekella wqeklhqpii iteygvdtla glhsmytdmw seeyqcawld rayhrvfdrvs 
541 awgeqvwnf adfatsqgil rvggnkkgif trdrkpksaa £llqkrwtgm nfgekpqqgg 
601 kq 



Attachment E 

The EMBO Journal vol.6 no. 13 pp.3901 -3907. 1987 

GUS fusions: /3-glucuronidase as a sensitive and versatile gene 
fusion marker in higher plants 



Richard AJefferson, Tony A.Kavanagh 1 and 
Michael W.Bevan 

Department of Molecular Genetics. Plant Breeding Institute. Marts Lane. 
Trumpington. Cambridge CB2 2LQ, UK 

'Present address: Department of Genetics. Trinity College. Dublin. Ireland 
Communicated by D.Lonsdale 

We have used the Escherichia coli ^-glucuronidase gene (GUS) 
as a gene fusion marker for analysis of gene expression in 
transformed plants. Higher plants tested lack intrinsic /?- 
glucuronidase activity, thus enhancing the sensitivity with 
which measurements can be made. We have constructed gene 
fusions using the cauliflower mosaic virus (CaMV) 35S pro- 
moter or the promoter from a gene encoding the small subunit 
of ribulose bisphosphate carboxylase (rbcS) to direct the ex- 
pression of ^-glucuronidase in transformed plants. Expres- 
sion of GUS can be measured accurately using fluorometric 
assays of very small amounts of transformed plant tissue. 
Plants expressing GUS are normal, healthy and fertile. GUS 
is very stable, and tissue extracts continue to show high levels 
of GUS activity after prolonged storage. Histochemical 
analysis has been used to demonstrate the localization of gene 
activity in cells and tissues of transformed plants. 
Key words: chimaeric genes/plant transformation/reporter gene/ 
Agrobacterium 

Introduction 

Control of gene activity can be manifested at many levels, in- 
cluding the initiation of transcription or translation and the pro- 
cessing, transport or degradation of mRNA or protein. The use 
of precise gene fusions can simplify analysis of these complex 
processes and delineate the contribution of transcriptional con- 
trol by eliminating the specific signals for post-transcriptional 
controls and replacing them with sequences from a readily 
assayed reporter gene. In addition, members of multi-gene 
families whose products are very similar can be regulated dif- 
ferentially during development. By using gene fusions to in- 
dividual members of such families and introducing these fusions 
into the germline one can study the expression of individual genes 
separate from the background of the other members of the gene 
family. Analysis of mutationally altered genes in organisms ac- 
cessible to transformation techniques is greatly facilitated by the 
use of sensitive reporter enzymes. By using a reporter gene that 
encodes an enzyme activity not found in the organism being 
studied, the sensitivity with which chimaeric gene activity can 
be measured is limited only by the properties of the reporter en- 
zyme and the quality of the available assays for the enzyme. 

To date, at least six reporter genes have been used in studies 
of gene expression in higher plants. Gene fusions using the 
Escherichia coli /8-galactosidase (Helmer ex ai., 1984) proved 
difficult to assay because of high endogenous /J-gaiactosidase ac- 
tivity in plants. Use of the Agrobacterium tumefaciens Ti-plasmid- 
encoded genes nopaline synthase (Depicker et al. , 1982; Bevan 



et al. , 1983a) and octopine synthase (DeGreve et al. , 1982) pro- 
mised to overcome problems associated with endogenous activi- 
ty because the opines produced by these genes are not found in 
normal plant cells. However, these reporter genes are not widely 
used because the assays are cumbersome and difficult to quan- 
titate, they cannot be used to demonstrate enzyme localization 
(Otten and Schilperoort, 1978), and octopine synthase cannot 
tolerate amino-terminal fusions (Jones et a!. , 1985). The two most 
useful reporter genes to date have been the bacterial genes 
chloramphenicol acetyl transferase (CAT) and neomycin phos- 
photransferase (NPTII) which encode enzymes with specificities 
not normally found in plant tissues (Bevan et a!. , 1983b; Fraley 
etal., 1983; Herrera-Estrella et al. . 1983a,b). In addition, NPTII 
can tolerate amino-terminal fusions and remain enzymatically 
active, making it useful for studying organelle transport in plants 
(van den Broeck etal.. 1985). However, both CAT and NPTII 
are relatively difficult, tedious and expensive to assay (Gorman 
et al. , 1982; Reiss et al. , 1984). Competing reactions catalyzed 
by endogenous esterases, phosphatases, transferases and other 
enzymes also limit sensitivity and make quantitation of CAT or 
NFni by enzyme kinetics very difficult. Recently, the firefly 
luciferase gene has been used as a marker in transgenic plants 
(Ow et al. , 1986), but the enzyme is labile and difficult to assay 
with accuracy (DeLuca and McElroy, 1978). The reaction is com- 
plex and there is little, if any. potential for routine histochemical 
analysis or fusion genetics. 

We believe that future advances in the study of plant gene 
expression require the development of new gene fusion systems 
that are easy to quantitate and highly sensitive, thus allowing 
analysis of genes whose products are of moderate and low abun- 
dance. This is contingent on a complete absence of any intrinsic 
reporter enzyme activity in plants. Activity of the reporter en- 
zyme should be maintained when fused to other proteins at its 
amino terminus to allow the study of translation and the process- 
ing events involved in protein transport. The reporter enzyme 
should be detectable with sensitive histochemical assays to localize 
gene activity in particular cell types. Finally, the reaction cata- 
lyzed by the reporter enzyme should be sufficiently specific to 
minimize interference with normal cellular metabolism and 
general enough to allow the use of a variety of novel substrates 
to maximize the potential for fusion genetics and in vivo analysis. 

To meet these criteria, we have developed the E.coli [3- J 
glucuronidase gene as a reporter gene system for transforma- jr 



tion of piants.l g-Glucuronidase (GUS, EC 3.2.1.31), encoded 
by the uidA locus (Novel and Novel, 1973), is a hydrolase that 
catalyses the cleavage of a wide variety of ]S-glucuronides 



(Stoeber, 1961). many of which are available commercially as 
spectrophotometric. fluorometric and histochemical substrates. 
The ^-glucuronidase gene has been cloned and sequenced, and 
encodes a stable enzyme that has desirable properties for the con- 
struction and analysis of gene fusions (Jefferson. 1985; Jeffer- 
son et al. , 1986; Jefferson et al. , 1987). In this paper we describe 
several useful features of GUS which make it a superior reporter 
gene system for plant studies. Many plants assayed to date lack 
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detectable glucuronidase activity, providing a null background 
in which to assay chimaeric gene expression. We show that 
glucuronidase is easily, sensitively and cheaply assayed in vitro 
and can also be assayed histochemically to localize GUS activi- 
ty in cells and tissues. 

Results 

Many higher plants contain no detectable (S- glucuronidase 
activity 

Roots, stems and leaves from wheat, tobacco, tomato, potato, 
Brassica napus and Arabidopsis thaliana, potato tubers, and seed 
from wheat and tobacco were homogenized with GUS extrac- 
tion buffer containing a variety of protease inhibitors such as 
PMSF and leupeptin. The plant extracts were incubated in a stan- 
dard assay at 37°C for 4 to 16 h, and the fluorescence of 4-methyl 
umbelliferone (MU) was measured. Endogenous activity was 
below the limits of detection. Extremely lengthy assays occa- 
sionally gave low levels of MU fluorescence, but the kinetics 
of MU accumulation were consistent with a slow conversion of 
the glucuronide into another form, possibly a glucoside, that was 
subsequently cleaved by intrinsic glycosidases. /3-Galactosidase 
assays performed under similar conditions on tobacco and potato 
extracts were off-scale (at least 10 000 times higher than the 
minimal detectable signal) within 30 min. Reconstruction ex- 
periments were performed with purified GUS added to tobacco 
and potato extracts to demonstrate the ability of these extracts 
to support ^-glucuronidase activity (data not shown). 

Construction of plasmids for transformation of plants with 
GUS fusions 

A general purpose vector for constructing gene fusions was made 
by ligating the coding region of GUS (Jefferson et al. , 1986) 
5' of the nopaline synthase polyadenylation site (Bevan et al., 
1983a) in the polylinker site of pBIN19 (Bevan, 1984). This vec- 
tor, pBHOl (Figure 1), contains unique restriction sites for 
//indffl, Sail, XbaJ, BamHl and Smal upstream of the AUG in- 
itiator codon of GUS, to which promoter DNA fragments can 
be conveniently ligated. The cauliflower mosaic virus (CaMV) 
35S promoter (Odell et al. , 1985) as described in the expression 



vector pROKl (Baulcombe et al., 1986) was ligated into the Hin- 
dnj and BamBI sites to create pBI121. Similarly, the promoter 
from a tobacco gene encoding the small subunit of ribulose bis- 
phosphate carboxylase (rbcS) Ntss23 (Mazur and Chui, 1985) 
deleted of rbcS coding sequences, was fused to pBHOl to make 
pBI131. 

Chimaeric GUS genes are expressed in transformed plants 
Nicotiana tabacum var. Samsun plants were transformed with 
Agrobacterium binary vectors (Bevan, 1984) containing transcrip- 
tional fusions of either the CaMV 35S promoter or the tobacco 
rbcS promoter with the coding region of GUS as shown in Figure 
I . Several kanamycin resistant plants were regenerated from each 
transformation. Two rbcS-GUS transformants and two 
CaMV -GUS transformants were chosen for further study. We 
first assayed various organs of one plant from each transforma- 
tion, axenically cultured in 3000 lux white light, 18 h day, 6 h 
night. The results of this analysis are shown in Figure 2, and 
tabulated in Table I using either of two normalization methods 
(see Discussion). The plant containing a rbcS— GUS fusion 
(rbcS-GUS 2) exhibited a pattern of gene expression consis- 
tent with earlier studies using heterologous rbcS gene fusions (e.g. 
Simpson et al., 1986a). The highest sp. act., using either pro- 
tein or DNA as a denominator, was found in older leaves ( ~ 8 cm 
long), with progressively less activity in very young leaves 
(<5 mm), stems and roots. The other rbcS-GUS fusion plant 
showed a similar pattern (data not shown). 

The two plants transformed with the CaMV 35S-GUS fusion 
displayed a pattern of gene expression distinct from that of the 
rbcS-GUS fusion plants. The highest levels of activity were 
found in roots, with similar levels in stems. GUS activity was 
also high in leaves, consistent with previous observations that 
the CaMV 35S promoter is expressed in all plant organs (Odell 
et al, 1985). 

To verify that no significant rearangements of the transform- 
ing DNA had occurred, a Southern blot analysis was conducted 
as shown in Figure 3. Digestion of DNA extracted from all of 
the tranformants with MndEI and EcoKl released a single inter- 
nal fragment of T-DNA consisting of the nopaline synthase 
polyadenylation site, the GUS coding region and the promoter 
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Fig. 1. Structure of expression vectors. Bottom: T-DNA region of pBHOl, containing polylinker cloning sites upstream of the GUS, followed by the nopaline 
synthase polyadenylation site (NOS-ter). Pstl and Sphl are not unique to the polylinker. The expression cassette is within pBIN19, giving pBIIOl a total length 
of ~I2 kb. Middle: Chimaeric CaMV 35S-GUS gene in pBII21. An 800 bp Hindai-Bamlil CaMV 35S promoter fragment (Guilley et al, 1982) was 
ligated into the corresponding sites of PBIIOL The mRNA initiation site is approximately 20 bp 5' of the GUS initiator codon. Top: Chimaeric rbcS-GUS 
gene in pBI131. A 1020 bp HimSU-Smal fragment containing the promoter of a tobacco rbcS was ligated into the corresponding sites of pBIIOl. The 
mRNA initiation site is -55 bp 5' of the GUS initiator codon, and contains nearly the entire untranslated leader of the rbcS gene. 
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(CaMV 35S or rbcS). RbcS -GUS transformants contained three 
copies (rbcS-GUS 2, Figure 3, lane 6) and about seven copies 
(rbcS-GUS 5, lane 8) of the predicted 3.1 kb /rtndm-£coRI 
fragment. Digestion with EcoKl revealed multiple border 
fragments (Figure 3, lanes 5 and 7), confirming the copy number 
estimates deduced from the double digestions. Similarly, CaMV 
35S— GUS plants had multiple insertions as shown in Figure 3, 
lanes 1-4. CaMV -GUS 21 had three copies of the predicted 
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Fig. 2. /3-Glucuronidase activity in extracts of different organs of 
transformed and non-transformed tobacco plants. Extracts were prepared 
from axenic tobacco plants using about 50 mg fresh weight of tissue ground 
in 500 fil extraction buffer. 5 pi of extract was assayed as described in 
Materials and methods. Mature leaves were lower, expanded leaves 
- 80 mm long, while young leaves were - 5 mm long, and were dissected 
from the shoot apex. All samples were taken from the same plant (either 
CaMV -GUS 21, rbcS-GUS 2 or non-transformed) at the same time. Leaf 
tissue was taken from a non-transformed plant for this assay, although all 
organs showed no GUS activity (data not shown). 



2.9 kb fragment, while CaMV -GUS 29 had two copies. No 
hybridization of the labelled GUS coding region to untransformed 
plant tissue was observed {lanes 9 and 10). 

GUS activity in plants can be visualized using histochemical 
methods 

To determine whether we would be able to use histochemistry 
to investigate single-cell or tissue-specific expression of GUS gene 
fusions in plants, preliminary experiments were carried out on 
sections of stems of several independently transformed 
rbcS-GUS and CaMV -GUS plants. Typical results are shown 
in Figure 4. Stem sections were chosen both for their ease of 
manipulation and because most of the cell types of a mature plant 
are represented in stem. To illustrate the light-regulated nature 
of the rbsC-GUS fusion, the plants were illuminated from one 
side only for 1 week before sectioning. Sections from both plants 
stained intensely with the substrate while non-transformed tissue 
did not stain (Figure 4c). Stem sections of CaMV— GUS plants 
always show highest levels of activity in phloem tissues along 
the inside and outside of the vascular ring, most prominently in 
a punctate pattern that overlies the internal phloem and in the 
rays of the phloem parenchyma which join the internal and 
external phloem (Esau, 1977). There is also variable lighter stain- 
ing throughout the parenchymal cells in the cortex and in the 
pith, and also in epidermal cells, including the trichomes (Figure 
4a). 

RbcS-GUS stem sections rarely if ever show intense stain- 
ing in the trichomes, epidermis, vascular cells or pith, but tend 
to stain most intensely over the cortical parenchyma cells con- 
taining chloroplasts (chlorenchyma), with faint and variable stain- 
ing in the pith. Although we most often see the strongest staining 
in a symmetrical ring around the vascular tissue just inside the 
epidermis, we sometimes observe an asymmetric distribution of 
staining in the cortical stem cells. Suspecting that this pattern 
was due to uneven lighting, we illuminated a plant from one side 
for 1 week before sectioning, and found that the staining was 
asymmetric, with intense staining in the chloroplast-containing 
cells proximal to the light source (Figure 4b). The staining pat- 
terns we observe for both the CaMV 35S-GUS and the 
rbcS -GUS transformants are consistent between several indepen- 
dent transformants. Untransformed plants never show staining 
with 5-bromo-4-chloro-3-indoyI j5-D-glucuronide (X-Gluc), even 
after extended assays of several days (Figure 4c). 



Discussion 

We present here new methods for analysing gene expression in 
transformed plants that we feel will be of general utility. The 
^-glucuronidase gene from E.coli has been expressed at high 
levels in transformed tobacco plants with no obvious ill effects 
on plant growth or reproduction. The ability to quantitate gene 
expression through the routine use of enzyme kinetics greatly 



Table I. GUS specific activity 



Plant organ 



pmole 4-MU7min7mg protein 



CaMV 35S-GUS 



rbcS-GUS 



Leaf (5 mm) 
Leaf (70 mm) 
Stem 
Root 



283 
321 
427 
577 



205 
1525 
260 
62 



pmol 4-MU/min/^g DNA 



Untransformed 



CaMV 35S-GUS 



rbcS-GUS 



<0.1 
<0.1 
<0.1 
<0.1 



2530 
5690 
13 510 
12 590 



4400 
93 950 
2650 
690 



The rate data shown in Figure 2 were converted to sp. act. by measuring the protein concentration of the extracts using the Bradford reagent. The data are 
also presented as GUS activity/unit weight of DNA in the extract to account better for the differences in cell number between different tissues. 
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Fig. 3. Autoradiograph of a Southern blot of DNA extracted from 
transformed plants and digested with restriction endonucleases. The filter 
was hybridized with a 32 P labelled restriction fragment containing the coding 
region of the ^-glucuronidase gene. Lane: (1) CaMV-GUS 21, EcoRI; 
(2) CaMV-GUS 21. EcoRI and /flfldlll; (3) CaMV-GUS 29, EcoRI; 
(4) CaMV-GUS 29, EcoRI and HindUl; (5) rbcS-GUS 2, EcoRI; 
(6) rbcS-GUS 2, EcoRI and tf/ndlll; (7) rbcS-GUS 5, EcoRI; 
(8) rbcS-GUS 5, EcoRI and HimW; (9) non-transformed, EcoRI; 
(10) non-transformed, EcoRI and ffuidUI; (11) single copy reconstruction of 
GUS coding region; (12) five copy reconstruction. 

enhances the precision and resolution of the questions that we 
can ask. It should be emphasized that the determination of rates 
of enzyme activity eliminates the vagaries inherent in CAT, 
NPTII and luciferase assays, and allows accurate determination 
of a quantity of chimaeric gene product, even over an intrinsically 
fluorescent background. The fiuorometric assay is very specific, 
extremely sensitive, inexpensive and rapid. Minute quantities of 
tissue can be assayed with confidence; recently we have measured 
GUS levels in isolated single cells of transformed plants (R.A. 
Jefferson et ai, in preparation). 

/J-Glucuronidase is very stable in extracts and in cells, with 
a half-life in living mesophyll protoplasts of —50 h (unpublished 
data). Because of this, we feel it is reasonable to interpret GUS 
levels as indicative of the integral of transcription and transla- 
tion, rather than the rate. In addition, GUS is not completely 
inactivated by SDS —PAGE, can tolerate large amino-terminal 
fusions without loss of enzyme activity (Jefferson et al. , 1986, 
1987) and can be transported across chloroplast membranes with 
high efficiency (T.A.Kavanagh et al. , in preparation). We feel, 
therefore, that the system will also be very useful in studying 
the transport and targeting of proteins, not only in plants, but 
in other systems that lack intrinsic ^-glucuronidase activity, such 
as Saccharomyces cerevisiae and Drosophila melanogaster (Jef- 
ferson, 1985, 1986). 

We have used a commercially available histochemical substrate 
to demonstrate GUS activity in transformed plant tissue. Other 
substrates are available and give excellent results (e.g. Jefferson 
et al., 1987). We emphasize that meaningful interpretation of re- 
sults of histological analysis in terms of extent of chimaeric gene 
activity, whether by in situ hybridization methods or by 
histochemistry, as presented here, is not a trivial or straight- 
forward matter. There are numerous variables that must be dealt 
with (reviewed in Pearse, 1972). However, with these cautions, 
histochemical methods can be very powerful for resolving dif- 



ferences in gene expression between individual cells and cell- 
types within tissue. 

We have observed a distinctly non-uniform distribution of GUS 
activity in stem sections of several CaMV-GUS transformed 
plants. Different cell-types within plants are expected to have 
differing metabolic activity with corresponding differences in rates 
of transcription and translation, and our results may reflect such 
a difference. Alternatively, since many of the cells of the phloem 
have very small cross-sectional areas, the intense dye deposition 
we see in these regions may simply reflect the greater cell number 
per unit area. The localization that we observe may also be due 
to a real difference in the level of expression of the CaMV 35S 
promoter between cell types. Recently, Nagata et al. (1987) have 
argued that the CaMV 35S promoter is preferentially active in 
cells during the S phase of the cell cycle. If this is true, then 
the pattern of GUS staining that we observe may reflect cell divi- 
sion activity in these cells. This observation is consistent with 
the proposed role of the 35S transcript of CaMV in viral replica- 
tion (Pfeiffer and Hohn, 1983). It is also interesting that the other 
class of plant DNA viruses, the gemini viruses, replicates in the 
phloem parenchyma (Kim et al. , 1978). We conclude therefore 
that it is no longer adequate to describe the 35S promoter as 'con- 
stitutive' solely by the criteria of expression in all plant organs, 
when there may be a strong dependence of transcription on cell- 
type or cell cycle. This question is being investigated further. 

The distribution of GUS activity in the stem sections of plants 
transformed with rbcS— GUS genes is consistent with data that 
indicate a requirement for mature chloroplasts for maximal 
transcription of chimaeric rbcS genes (e.g. Simpson et ai, 
1986b). Cortical parenchymal cells in the stem contain varying 
numbers of chloroplasts, while those in the pith and epidermis 
of the stem rarely contain chloroplasts. 

Different cell-types present in each organ contribute differently 
to the patterns of gene expression and each organ consists of dif- 
ferent proportions of these cell-types. We have undertaken to 
rrururnize this effect on quantitative analysis of extracts by suitable 
choice of a denominator. The parameter that needs to be studied 
with gene fusions is most often the expression of the gene fusion 
in each cell. When preparing homogenates from plant organs, 
the number of cells that contribute to the extract will vary, as 
will the protein content of each cell and cell-type. The DNA con- 
tent of the extract will reflect the number of celis that were lysed 
(Labarca and Paigen, 1980) whereas the traditional denominator, 
protein concentration, will not. For example, a single leaf 
mesophyll cell contains much more protein than a single epider- 
mal cell or root cortical cell (R.A.Jefferson et al., in prepara- 
tion). However, each will have the same nucleus with the same 
potential to express the integrated gene fusion. 

Using this approach, we find that the differential expression 
of the rbcS— GUS fusion is much more pronounced between 
immature and mature leaf when we express GUS activity//tg of 
DNA (see Table I). When protein concentration is used as a 
denominator, the massive induction of GUS activity during leaf 
maturation is masked by the concomitant induction of proteins 
involved in photosynthesis. 

The observation that the sp. act. of GUS produced by 
CaMV-GUS fusions is the same in immature and mature leaves 
when expressed using a protein denominator indicates that the 
rate of GUS accumulation closely follows the rate of net protein 
accumulation. The two-fold difference in GUS sp. act. using a 
DNA denominator illustrates the accumulation of GUS per cell 
over time. This quantitative analysis, together with our histo- 
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Fij>. 4. HisUK.hemn.ii I loculiiatinn ui GUS in transformed plant tisMie. (a) TraiiM.erse stem sections from CaMV-GUS 21. stained with 2 nig'nil X-Gluc in 
NaH : POj. pH 7.0. 1 h. iTC. (b) Transverse stem section I'rom rbcS-GUS 2. stained with X-Glue. as above, for 3 h. (c) Transverse section ol" 
untranstbrmcd tobacco plant stained with X-Gluc for 16 h. All magnifications are - X34. 
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chemical data, may indicate that the differences between GUS 
activity in the leaf, stem and root of CaMV-GUS fusion plants 
could reflect the larger proportion of phloem-associated cells in 
roots and stems compared to leaves. We feel that the choice of 
a DNA denominator best reflects the expression per cell and 
hence is a more accurate reflection of the true regulation of the 
gene. 

Prospects of farther development of the GUS system 
There are many important questions arising from the use of cur- 
rently available gene-transfer techniques in plants that can be ad- 
dressed with this new technology. Both Agrobacterium-mcdiated 
transformation and direct DNA uptake methods result in cells 
and plants transformed with varying numbers of integrated copies 
of the foreign DNA and with different sites of integration, 
resulting in plants expressing different amounts of chimaeric gene 
product (e.g. Jorgensen et al., 1987; Jones et al., 1987). 
Previously, analysis of gene expression in transformed plants has 
been sufficiently laborious to preclude quantitative assays of the 
large numbers of plants necessary to finally delineate the con- 
tributions of local integration sites and copy number to the ex- 
pression of transformed genes. Using the methods described here, 
it will be feasible to quantitate the variation that is often ascrib- 
ed to differing sites and copy numbers of integrations, and ob- 
tain statistically significant answers to these questions. 

The availability of routine histochemical analysis will greatly 
facilitate studies of the mechanism of transformation both by 
Agrobacterium and by direct DNA methods, as well as permit- 
ting a more detailed study of developmental regulation. These 
methods will also allow very rapid and sensitive screening of 
transformed cells and tissues. Using the indigogenic substrate 
X-GIuc, we can easily resolve GUS activity from single cells 
and small cell clusters from suspension cultures (data not shown). 

GUS assay systems lend themselves very well to automation. 
The existing spectrophotometric and fluorogenic assays, and new 
assays using fluorogenic substrates that fluoresce maximally at 
neutral pH (Jefferson, 1985), will allow the use of automatic 
rnicrotitre plate analysis of very large numbers of samples. The 
activity of GUS in Iysed single cells can be measured with ac- 
curacy; using new fluorogenic substrates, we are conducting an 
analysis of GUS expression in single cells of transformed plants 
using the fluorescence activated cell sorter (R.A.Jefferson et al. , 
in preparation). 

We have also used the GUS fusion system successfully to 
monitor the transient expression of chimaeric genes introduced 
into plant cells via electroporation and/or polyethylene glycol 
treatment (data not shown). We find the sensitivity to be very 
high, allowing expression to be reliably measured from a very 
small number of cells (R.A.Jefferson et al., in preparation). 

Because of the lack of intrinsic ^-glucuronidase activity in all 
plants thus far assayed in our laboratory, and because the syn- 
thesis of /3-glucuronides can be relatively straightforward, we 
are pursuing the use of the GUS system to begin 'fusion genetics'. 
Due to the complex genomes and long generation times of higher 
plants, fine scale genetic analysis of complex processes is unfeasi- 
ble by conventional means. However, by using the GUS system 
and novel substrates, we may be able to generate positive and 
negative selections for GUS activity, thereby selecting mutations 
in the activity of gene fusions, both in planta and in tissue culture. 

Finally, new methods and substrates are being developed to 
allow the GUS system to be used quantitatively and reliably in 
vivo and in situ. 



Materials and methods 

Nucleic acid manipulation 

DNA manipulations were performed essentially as described {Maniatis et al. , 
1982). Enzymes were obtained from New England Biolabs, Boehringer or BRL. 

Plant transformation and regeneration 

Binary vectors containing CaMV-GUS fusions and rbcS-GUS fusions in Ecoli 
MC1022 were mobilized into A.tumejaciens LBA4404 as described (Bevan, 1984). 
The integrity of the vectors in Agrobacterium was verified by preparing DNA 
from Agrobacterium immediately before plant transformation using the boiling 
method of Holmes and Quigley (1981). Leaf discs of N.tabacum, var. Samsun 
were transformed as described (Horsch et al. , 1984) and transformed plants were 
selected on MS medium (Murashige and Skoog, 1962) containing 100 fig/ml 
kanamycin. Plants were maintained in axenic culture on MS basal medium, 3% 
sucrose, 200 jig/ml carbenkUlin and 100 fig/ml kanamycin, at -2000 lux, 18 h 
day, 26°C. 

Southern blot analysis 

DNA was prepared from plants by phenol extraction and ethanol precipitation 
of plant homogenates, followed by RNase digestion, phenol extraction and 
isopropanol precipitation. DNA samples (10 jtg) were digested with restriction 
endonucleases. electrophoresed in an 0.8% agarose gel and blotted onto 
nitrocellulose (Maniatis et al., 1982). Filters were hybridized with oligomer- 
primed, 32 P-labelled GUS gene fragments (Feinberg and Vogelstein, 1984) and 
washed wth 0.2 x SSC at 65°C. 

Substrates 

Substrates used included: 4-methyl umbelliferyl glucuronide (MUG; Sigma 
M-9130), X-Glue (Research Organics Inc., Cleveland, OH, USA), resorufin 
glucuronide (ReG) (Jefferson, 1985; Molecular Probes Inc., Eugene, OR, USA). 

Lysis conditions 

Tissues were lysed for assays in SO mM NaH 2 P0 4 , pH 7.0, 10 mM EDTA, 
0.1% Triton X- 100, 0.1% sodium lauryl sarcosine, 10 mM 0-mercaptoethanol 
(extraction buffer) by freezing with liquid nitrogen and grinding with mortar and 
pestle with sand or glass beads. Disposable pestles that fit into Eppendorf tubes 
(Kontes Glass) proved useful for homogenizing small bits of dssue (e.g. leaf). 
Extracts can be stored at -70°C with no loss of activity for at least 2 months. 
Storage of extracts in this buffer at -20°C should be avoided, as it seems to 
inactivate the enzyme. 

Fluorometric assay 

The fluorogenic reaction is carried out in 1 mM MUG extraction buffer with 
a reaction volume of 1 ml. The reaction is incubated at 37°C, and 200 jtl ali- 
quots are removed at zero time and at subsequent times and the reaction terminated 
with the addition of 0.8 ml 0.2 M Na 2 C0 3 . The addition of Na 2 C0 3 serves the 
dual purposes of stopping the enzyme reaction and developing the fluorescence 
of MU, which is about seven times as intense at alkaline pH. Fluorescence is 
then measured with excitation at 365 nm, emission at 455 nm on a Kontron SFM 
25 speclrofluorimeler, with slit widths set at 10 nm. The resulting slope of MU 
fluorescence versus lime can therefore be measured independently of the intrin- 
sic fluorescence of the extract. The fluorimeter should be calibrated with freshly 
prepared MU standards of 100 nM and 1 jiM MU in the same buffers. 
Fluorescence is linear from nearly as low as the machine can measure (usually 
1 nM or less) up to 5-10 ^M MU. 

A convenient and sensitive qualitative assay can be done by placing the tubes 
on a long-wave UV light box and observing the blue fluorescence. This assay 
can be scaled down easily to assay very small volumes (reaction volume 50 jd, 
terminated with 25 /tl 1 M Na 2 C0 3 in rnicrotitre dishes or Eppendorf tubes). 

If the intrinsic fluorescence of the extract limits sensitivity, it is possible to 
use other fluorogenic substrates. In particular, ReG has a very high extinction 
coefficient and quantum efficiency, and its excitation (560 nm) and emission 
(590 nm) are conveniently in a range where plant tissue does not absorb or fluoresce 
heavily. In addition, it fluoresces maximally at neutral pH, making it unnecessary 
to stop the reaction. 

Protein concentrations of plant extracts were determined by the dye-binding 
method of Bradford (1976) with a kit supplied by Bio-Rad Laboratories. 

DNA concentrations in extracts were determined by measuring the fluorescence 
enhancement of Hoechst 33258 dye as described by Labarca and Paigen (1980) , 
with the calibrations performed by addition of lambda DNA standards to the ex- 
tract to eliminate quenching artefacts. 

Histochemical assay 

Sections were cut by hand from unfixed stems of plants grown in vitro, essen- 
tially as described (O'Brien and McCully, 1981), and fixed in 0.3% formaldehyde 
in 10 mM MES, pH 5.6, 0.3 M mannitol for 45 mjn at room temperature, follow- 
ed by several washes in 50 mM NaH 2 P0 4 , pH 7.0. All fixatives and substrate 
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solution were introduced into sections with a brief ( ~ 1 min) vacuum infiltration. 

Histochemical reactions with the indigogenic substrate, X-Gluc were performed 
with 1 mM substrate in 50 mM NaH 2 P0 4 , pH 7.0 at 37°C for times from 
20 min to several hours. After staining, sections were rinsed in 70% ethanol fbr 
5 min, then mounted for microscopy. 
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